The effect of exercise on pulmonary artery pressure, blood flow, and resistance has been studied extensively in normal subjects (1-5), and in patients with rheumatic heart disease (6, 7). However, only brief reports have appeared concerning the response of patients with intracardiac or great vessel shunts (8, 9) . The dearth of published information probably is due in part to uncertainty as to the exact diagnosis in a sufficient number of cases. This paper concerns the changes in pulmonary and systemic blood flows, pressures, and resistances, and the associated variations in intracardiac or aortopulmonary shunts caused by leg exercise in the supine position in 30 patients with single congenital anomalies. In those patients with pulmonary hypertension the pulmonary blood flow was found to change only slightly during exercise irrespective of the magnitude of the left-toright shunt, while pulmonary artery pressure and pulmonary resistance values were increased. In patients without pulmonary hypertension there was a more definite increase in pulmonary blood flow; but as in the preceding group, a decrease was observed in the magnitude of the left-to-right shunt. Complete data for accurate anatomic appraisal had been obtained in all instances, and operative confirmation of the diagnosis was available in the great majority.
The effect of exercise on pulmonary artery pressure, blood flow, and resistance has been studied extensively in normal subjects (1) (2) (3) (4) (5) , and in patients with rheumatic heart disease (6, 7). However, only brief reports have appeared concerning the response of patients with intracardiac or great vessel shunts (8, 9) . The dearth of published information probably is due in part to uncertainty as to the exact diagnosis in a sufficient number of cases. This paper concerns the changes in pulmonary and systemic blood flows, pressures, and resistances, and the associated variations in intracardiac or aortopulmonary shunts caused by leg exercise in the supine position in 30 patients with single congenital anomalies. In those patients with pulmonary hypertension the pulmonary blood flow was found to change only slightly during exercise irrespective of the magnitude of the left-toright shunt, while pulmonary artery pressure and pulmonary resistance values were increased. In patients without pulmonary hypertension there was a more definite increase in pulmonary blood flow; but as in the preceding group, a decrease was observed in the magnitude of the left-to-right shunt. Complete data for accurate anatomic appraisal had been obtained in all instances, and operative confirmation of the diagnosis was available in the great majority.
METHODS AND MATERIALS
Procedure. The following procedure was adhered to, with minor variations. The patient received 0.5 grain (30 mg.) of codeine and 1.5 grains of secobarbital (Seconal®) immediately prior to the start of the procedure. He lay supine on a horizontally positioned fluoroscopy table. A No. 5 or 6 Cournand cardiac catheter (designated catheter 1) was introduced, usually by percutaneous needle puncture of a vein in the right antecubital fossa (10) and advanced to the heart. Oxy-'The Mayo Foundation, Rochester, Minnesota, is a part of the Graduate School of the University of Minnesota.
gen saturations of blood samples obtained from various locations within the heart and great vessels were measured by a cuvette oximeter (11) to ascertain the oxygen saturation of the mixed venous blood and to determine the magnitude and location of the left-to-right shunt. The catheter tip was located in the main pulmonary artery, and a needle was inserted into a radial artery. Pressures in the systemic and pulmonary artery systems were recorded by means of strain-gauge manometers. It was desirable in a number of patients to obtain simultaneously samples of blood from the inferior vena cava as well as from the pulmonary artery. To make this possible a second catheter (designated catheter 2) was inserted and advanced directly into the inferior vena cava. The rate of oxygen consumption was then determined by collection of the expired air for five minutes in a largevolume, low-resistance plastic balloon. Analysis of the expired air was carried out immediately by the Haldane method. Midway during the period of collection of expired air, blood samples were obtained for analysis of the oxygen content by the method of Van Slyke and Neill (12) from the pulmonary artery and the radial artery, and from the inferior vena cava if a second catheter was being used. The oxygen capacity of hemoglobin was measured by the method of Sendroy (13) , using the modification of Roughton, Darling, and Root (14) . Immediately following the collection of the blood samples, a record of pulmonary and systemic artery pressures was obtained, and this record was considered to represent the resting state. The patient's legs then were elevated and his feet attached to the pedals of a bicycle ergometer (10) which was positioned at the end of the fluoroscopy table. The revolutions of the ergometer caused the deflection of a galvanometer needle which was visible to the patient and was recorded photographically. In keeping the needle at a predetermined position a constant speed of rotation of the exercycle was maintained. After an average of four and one-half minutes from the start of exercise, blood samples again were withdrawn simultaneously from the pulmonary artery and radial artery, and from the inferior vena cava if a second catheter were in position. During a one minute interval, starting at the beginning of this sampling period (average rate of respirations: 25 per minute), the expired air was collected, the volume measured, and the gas analyzed by the Haldane method.
In an attempt to determine systemic blood flow during exercise, a blood sample was taken via catheter 2 from the inferior vena cava. was assumed to be equal to that of systemic artery blood (C..). The oxygen content of mixed venous blood (C.,) was estimated in a different manner depending on the location of the left-to-right shunt as outlined previously.
The assumptions pertaining to the use of such values will be discussed in detail in a later section.
The magnitudes of right-to-left (Sr-i) and left-to-right (Si-r) shunts expressed as percentages, and the pulmonary (R5) and systemic (R.) resistances (pressure-flow ratios) expressed as dynes second cm.' were calculated in the manner of Cournand, Baldwin, and Himmelstein (15). A left-to-right shunt is thus expressed as the fraction of pulmonary artery blood originating from the pulmonary veins, and the right-to-left shunt is expressed as the fraction of systemic artery blood originating from the cavae.
Patients. For this investigation 30 patients with single congenital intracardiac lesions characterized by left-toright shunt were studied. In a few with pulmonary hypertension a small right-to-left shunt also was demonstrable while the patient was at rest. Of the 30 patients, 8 had a patent ductus arteriosus, 8 had a ventricular septal defect, 13 had an atrial septal defect, and 1 had a persistent common atrioventricular canal.
RESULTS
These patients were divided into two groups according to the presence, Group A (Table I) , or absence, Group B (Table II) , of severe pulmonary hypertension. It is difficult to select a specific value for pulmonary artery pressure above which pulmonary hypertension exists and below which it does not. In some patients the size of a ventricular septal defect or a patent ductus arteriosus is the effective limit to the volume of a venoarterial shunt; in others the volume of pulmonary flow in relation to systemic flow is regulated chiefly by the response of the pulmonary vessels, and the size of the abnormal communication is not a major limiting factor. In this regard an apparently appropriate division between the patients in the present study was made by classifying those patients in whom the systolic pressure in the pulmonary artery at rest was 60 mm. Hg or more as having severe pulmonary hypertension. Those patients in whom the pulmonary artery systolic pressure was less than this value were considered not to have severe elevation of pulmonary artery pressure. The use of an arbitrary division such as this may result in the incorrect categorization of certain patients; but in the present group at least it appears that no patient without pulmonary hypertension of a severe degree has been included in Group Oxygen consumption and pulmonary blood flow, pressure, and resistance Patients with severe pulmonary hypertension (Group A). The data for these patients are given in order of decreasing ratio of pulmonary to radial artery systolic pressures in Table I and  in Figures 1, 2, and 3 (solid symbols) . The average values and changes are summarized in Table III . The average increase in oxygen consumption for this group was significantly less than for the normal subjects (Table III) , due at least in part to the inability of certain patients (Cases 5, 9, 10, and 14 in Table I ) to maintain leg exercise at the desired level. There is no difference of hemodynamic significance related to the nature of the anatomic lesion present. The small increase in pulmonary blood flow of 0.47 liter per minute per M.2 which occurs during exercise does not appear to be a change of remarkable hemodynamic consequence. The correlation of 0.96 with a slope of regression of 0.91 between the pulmonary blood flow at rest and during exercise demonstrates the pulmonary flow to be unchanged for practical purposes in these patients during exercise.
Pulmonary artery pressures were increased in all cases measured. The highest absolute values of pulmonary artery pressures and pulmonary resistances both at rest (130/73 mm. Hg, 2,180 dynes second cm.-5) and during exercise (175/ 104 mm. Hg, 2,270 dynes second cm.-5) were obtained in Case 3; a slight decline in pulmonary resistance was seen in Case 15, the patient being a 44 year old woman with systemic hypertension and obesity in addition to patent ductus arteriosus.
Patients without severe pulmonary hypertension (Group B). The data for these patients are given in order of decreasing pulmonary blood flow in Table II and in Figures 1, 2, and 3 (open symbols) . The average values and changes are summarized in Table III . The difference in oxygen consumption between the normal subjects and these patients was not significant.
The values for pulmonary blood flow during exercise are less well correlated (r = 0.74) with those obtained at rest than in Group A ( Figure 1 In the right panel the data are expressed as the proportion of pulmonary artery blood which is shunted in the left-to-right direction, and do not account for blood shunted right to left. All patients had a decline in the relative magnitude of the shunt on exercise except two. Of these, one patient (Case 29) had a small ventricular septal defect, and another (Case 3) had a large ventricular septal defect with severe pulmonary hypertension, and a shunt predominantly right to left both at rest and during exercise. As for the oxygen content of pulmonary artery blood, it is usual to regard samples of blood withdrawn from the first chamber distal to the site of shunt as representing adequately the oxygen saturation of the blood entering the lungs. In the cases of patent ductus arteriosus studied in this laboratory, the oxygen saturation of blood samples obtained from different locations in the right and left pulmonary arteries has been strikingly uniform, which implies that mixing of blood occurs to a sufficient degree in the pulmonary artery so that a sample of pulmonary artery blood is representative of all the blood entering the lungs.
Calculation of systemic blood flow and intracardiac and great vessel shunts A major difficulty was the determination of an accurate value for mixed venous blood. In this study potential errors in the estimation of oxygen content of mixed venous blood during exercise would appear to be smallest in the eight cases of patent ductus arteriosus in which the blood samples were obtained from the outflow, or midportion, of the right ventricle, and greatest in the five cases of atrial septal defect in which samples of blood were obtained from the inferior and superior venae cavae (Table V) . Data obtained in Case 18 also are included in this table, but calculations of systemic blood flow and intracardiac shunts were not made because examination of a roentgenogram taken at the time of sampling intended to be from the inferior vena cava clearly showed the catheter tip to be in an hepatic vein. Calculation of the systemic blood flow was not attempted in the remaining seven cases of atrial septal defect. In Cases 4, 9, and 11 the wide differences between arterial and venous blood and the relatively small differences between inferior and superior caval blood serve to reduce potential errors. In Case 20 the possibility of preferential sampling of he- patic vein blood is suggested by the higher saturation of inferior caval blood compared to superior caval blood, whereas in Case 23 the relatively small arteriovenous difference associated with a considerable superior-inferior caval difference makes possible a large error. To test this further, for these five cases the magnitude of the left-to-right shunt during exercise was recalculated using the lowest saturation value obtained to represent mixed venous blood. On the average, a decline in the shunt was still present even in this more extreme circumstance.
As a further test of the validity of the calculations of systemic blood flow, the relation of the increase in blood flow to the increase in oxygen consumption during exercise was examined. In Case 20 the calculated increase in blood flow was 1,300 ml. per minute for each 100 ml. per minute of increase in oxygen consumption, and in Case 23 the corresponding increase was 1,200 ml. per minute. These values greatly exceed the average of 626 ± 217 ml. per minute obtained in the normal subjects. In the complete series of patients, four cases (Nos. 12, 20, 23, and 24) produced calculated systemic blood flow values which were disproportionate to the increase in oxygen consumption. Exclusion of these four cases would alter the reported increase in systemic blood flow during exercise by only 0.10 liter per minute per M.2 in Group A, and 0.21 liter per minute M.2 in Group B, and would not alter the significance of the decline in left-to-right shunt which occurred during exercise. While the considerations just presented weaken the quantitative evaluation of figures for systemic blood flow and shunt obtained during exercise, the directional changes already suggested appear valid.
Changes in pulmonary vascular dynamics
Patients with pulmonary hypertension. The close relation between pulmonary blood flow values obtained at rest and during exercise deserves further comment. In the presence of pulmonary hypertension, the pulmonary blood flow appears to be relatively fixed (Figure 1) , although a small increase was demonstrated during exercise. Bruce and John (8) reported that arterial desaturation occurred in two of their patients, but they did not report a fixed pulmonary blood flow. It is not possible to state that the increase in. calculated resistance represents a change in the pulmonary blood vessels; however, the small change in left atrial flow with exercise makes changes in left atrial pressure unlikely. The analogy of changes in pulmonary blood vessels to the behavior of a linear potentiometer in a simple D.C. circuit may be quite misleading in instances such as these; here the impedance of a frequency dependent complex circuit may in fact be the more appropriate model.
As would be expected, apart from Case 4, in which evidence of cardiac failure was present, the systemic vascular resistance declined during exercise in every patient in whom the comparative measurements were made, and to about the same degree as in normal subjects. Difficulties of estimation of systemic blood flow notwithstanding, these data clearly indicate the difference in the responses of the pulmonary and systemic circulations produced by muscular activity.
The direction and magnitude of a shunt through a large ventricular septal defect or a patent ductus arteriosus are determined principally by the relative resistances offered by the pulmonary and systemic circulations to the flow of blood from the ventricles. A useful expression of these relative resistances is a ratio of pulmonary to systemic resistance, which minimizes the effect of nonspecific factors such as body size and allows comparison from subject to subject. In this group of patients, the average resistance ratio of 0.50 at rest was increased to 0.74 during exercise, owing mainly to the fall in systemic resistance. In cases with severe pulmonary hypertension and a level of pulmonary blood flow not above the range of normal while at rest (example: Case 6) , the change in the pulmonary/systemic resistance ratio during exercise may result in a shunt predominantly in the right-to-left direction. The data suggest that cases of atrial septal defect with pulmonary hypertension may respond in a somewhat similar fashion; presumably there may be impedance of right ventricular filling due to a raised right ventricular diastolic pressure consequent on the increased pulmonary resistance. Alternatively, facilitation of left ventricular filling may be a result of the lowered systemic vascular resistance.
Patients without severe pulmonary hypertension. In the patients of Group B there was a definite increase in pulmonary blood flow during exercise as compared to that during rest, but in no patient did it rise to the level reported by Bruce and John (8) for upright walking. As in Group A, a lesser proportion of pulmonary blood flow is composed of pulmonary vein blood during exercise in cases with a large increase in resting pulmonary flow. In those cases with a small patent ductus arteriosus or ventricular septal defect, the size of the abnormal communication and the left ventricular or aortic pressure should logically be the principal determinants of the small shunt that occurs. The absolute and even the relative magnitude of the shunt has been demonstrated to increase during exercise in such cases.
General interpretations
Excluding those patients without pulmonary hypertension and without a shunt of functional significance in the left-to-right direction, the general response of the pulmonary vascular bed to exercise in the supine position appears to permit but a small increase in pulmonary blood flow, with an increase in pulmonary resistance in those patients who have pulmonary hypertension. There is usually a concomitant decrease in the absolute and relative magnitude of the left-to-right shunt, apparently related to the large decrease in the systemic vascular resistance which occurs uniformly during exercise. The consequences of these responses are of some significance, since it is clear that patients with large left-to-right shunts may adapt to the circulatory needs of exercise without major change in pulmonary vascular dynamics. During activity, the useful work of the right ventricle appears to be increased in that a greater absolute and relative amount of the output of this chamber is composed of systemic venous blood. This may explain the relatively poor correlation of physical development and exercise tolerance of many patients with congenital heart disease on the one hand, with the degree of alteration in circulatory dynamics when such patients are studied in the supine position on the other. In certain of the more disabled patients with severe pulmonary hypertension, this response may circumvent a stress of potentially fatal magnitude on the circulation such as does occur in the postoperative period following closure of patent ductus arteriosus without relief of severe pulmonary hypertension (16) .
These responses produce in general a favorable situation for patients with left-to-right shunts, since the demands on the heart for an increase in systemic blood flow to meet the requirements of exercise are met without a concomitant increase in stress on those portions of the central circulation already overburdened by the presence of the abnormal shunt. SUMMARY 1. The changes in pulmonary vascular dynamics associated with exercise in the supine position were studied in 30 patients with intracardiac or aortopulmonary left-to-right shunt. The patients were subdivided into Group A, whose pulmonary artery systolic pressures exceeded 60 mm. Hg at rest, and Group B, whose pulmonary artery systolic pressures at rest were less than 60 mm. Hg. Group A was composed of seven patients with atrial septal defect (including one with common atrioventricular canal), six with ventricular septal defect, and three with patent ductus arteriosus; Group B was composed of seven patients with atrial septal defect, two with ventricular septal defect, and five with patent ductus arteriosus.
2. The pulmonary blood flow averaged 5.70 liters per minute per M.2 for Group A at rest, and increased to 6.17 liters per minute per M.2 during exercise. There was a strong correlation (r = 0.96) between the flow values at rest and during exercise. For Group B the average pulmonary blood flow at rest of 7.34 liters per minute per M.2 was increased to 9.17 liters per minute per M.2 during exercise; but the correlation was less close (r = 0.74) than for Group A.
3. Pulmonary artery pressure was increased during exercise in both groups. The pulmonary resistance was significantly elevated in Group A from an average value of 760 dynes second cm.-5 at rest to 896 dynes second cm.-5 during exercise.
In contrast, there was no consistent increase in pulmonary resistance during exercise in Group B. Absence of data concerning pulmonary artery wedge (left atrial) pressure precludes a precise statement as to changes in pulmonary arteriolar resistance.
4. Systemic blood flows were calculated in 20 of the patients during exercise. The increase in systemic blood flow during muscular activity was greater than the increase in pulmonary blood flow. In contrast to the increase in pulmonary resistance in Group A, the normal decline in systemic vascular resistance associated with exercise was observed in both groups.
5. The average magnitude of left-to-right shunts declined in Group A from 44 per cent of the pulmonary blood flow at rest to 27 per cent during exercise, and in Group B from 46 per cent to 29 per cent. In seven patients, right-to-left shunts were present at rest, and these shunts increased in magnitude during exercise in the five patients from whom quantitative data were obtained during the latter state. In three other patients, right-to-left shunts developed during exercise, although no such shunt was detected at rest. 6 . The differing responses of the pulmonary and the systemic circuits to exercise are considered to be the underlying basis for the relatively small change in pulmonary flow during exercise in patients with large defects. In consequence, the increased demands placed on the heart during exercise are met with relatively little additional stress on those parts of the circulation already overburdened by the presence of the left-to-right shunt.
